A mathematical model has been developed to describe the transient heat and fluid flow fields in gas tungsten arc welding (GTAW). The transient development and diminution of the weld pool at two periods after the arc ignites and extinguishes are analysed quantitatively. The data for the weld pool configurations under different welding conditions from the transient state to the quasi-steady state are obtained. The time for the weld pool shape to reach the quasi-steady state and the time for the weld pool to solidify completely are predicted. GTAW experiments show that the predictions of the weld pool shape based on the model are in agreement with the measured values. The numerical results of the dynamic development and diminution of weld pool configurations could be used to correlate the transient characteristics of weld pool behaviour with the occurrence of weld formation defects.
Introduction
It is well known that the dynamic behaviour of weld pools, due to heat and fluid flow in the weld pool, has significant influence on the temperature distribution, shape and size of the weld pool, final solidification microstructures, and consequently the resultant mechanical properties of the welded joints [1] . It is of great significance to understand the dynamics of the weld pool quantitatively. There have been significant advances in the numerical simulations of weld pool behaviour [2] [3] [4] [5] [6] [7] . However, most investigations have focused on modelling weld pool behaviour in a quasi-steady state, and little attention has been paid to the transient dynamics of the weld pool, especially the transient heating period after the arc ignites and the transient cooling period after the arc extinguishes. In fact, when the arc ignites during the initiation of welding, the weld pool develops and expands gradually, whereas the weld pool reduces quickly after the arc extinguishes when welding ends. The transient state of the weld pool may result in some weld defects such as humped beads and undercutting [8] . Thus, the transient heat and fluid flow phenomena of the weld pool should be addressed adequately. This paper introduces such a model. Figure 1 shows the schematic sketch of the gas tungsten arc welding (GTAW) system. After the arc ignites, the workpiece is heated and melted so that the weld pool emerges. The volume of the weld pool expands until a quasi-steady state is reached. Then, the weld pool travels along the welding direction with the same speed as the arc. When the arc extinguishes, the weld pool stops travelling and reduces rapidly. In order to model the dynamic development of the weld pool for the whole welding process, the transient state of the temperature and the fluid flow fields must be considered. Besides, the following assumptions have been adopted: (1) the flow is Newtonian, impressible and laminar, (2) latent heat is not considered, (3) the mushy zone between liquids and solids is not considered and (4) the surface of the weld pool is flat. Assumption 2 is reasonable because exclusion of latent heat may cause only a small difference in the computed weld pool shape, but would simplify the computational procedure [9] [10] [11] [12] . The assumption of a flat pool surface is based on the fact that the surface deformation of the weld pool is very small in GTAW when the current is below 220 A [13] . The governing equations for describing the dynamic fluid flow and heat transfer in the weld pool are as follows:
Formulation
where u, v, w are the velocity components in the x-, y-and z-directions, respectively, T is the temperature, ρ is the density, C p is the specific heat, k is the thermal conductivity, µ is the viscosity, P is the pressure, F x , F y and F z are the components of the body force term in the x-, y-and z-directions, respectively. For describing the heat source, a modified Gaussian distribution model of the arc heat flux is employed. It uses two double ellipsoids in the following form [14] :
where
is the heat flux, c 1 and c 2 are dependent on the welding process parameters, I is the welding current, U is the arc voltage and η is the arc power efficiency. On the workpiece surface, there is loss of heat due to convection and radiation,
where h c is the heat transfer coefficient due to convection and radiation, and T 0 is the ambient temperature. h c is temperature dependent [14] :
where ε is the emissivity. The heat flux evaporated from the central region of the weld pool can be estimated by the following equations [15] :
where h fg is the latent heat of evaporation, W v is the evaporation rate,
where P atm is the pressure at which evaporation occurs, A v is a constant. The boundary conditions for equation (2) are as follows:
At the upper surface of the workpiece,
At the lower surface of the workpiece,
At other surfaces of the workpiece,
The boundary conditions for equations (3)-(5) take the following form: At the upper surface of the weld pool,
where γ is the surface tension. In the solid region,
At the lower surface of the weld pool if full penetration is reached:
For the body force term in the momentum equation, the same method is employed as introduced in [11] . 
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Results and discussion
It is very important to select the proper grid size and time step in the numerical simulation of fluid flow and heat transfer in weld pools. The criteria are whether the calculation precision is satisfactory and the length of calculating time is acceptable. The grid system shown in figure 2 is used in the calculation. The finer grids are put around the heat source. Finer time steps are employed at the initial phase of the calculation. The workpiece is of dimensions 250 mm × 60 mm × 2 mm. The weld centreline is at a y-coordinate of 0.03 m, as shown in figure 2 . The arc moves along the x-direction with a starting point of the x-coordinate at 0.09 m. The values of the thermal property parameters used in the calculation are given in [12] . Figure 3 shows the predicted temperature distribution at the upper surface of the workpiece. It can be seen that the isothermal enclosures expand as time progresses after the arc ignites. The isothermal enclosures are moving with the arc along the x-direction. Figures 4 and 5 show the relation between the weld pool length and width and the welding time. As the welding time increases, both the pool length and width increase, but the pool width grows more quickly. When the welding is conducted for about 5 s, the pool width reaches its quasisteady state condition, whereas it takes about 12 s for the pool length to reach the quasi-steady state condition. Figure 6 shows the weld pool shape at the workpiece surface after the arc extinguishes. Because there is no further heat input, the weld pool contracts quickly as time increases. At about 0.7 s after the arc has extinguished, the weld pool solidifies completely. Figure 7 illustrates the fluid flow field at the surface of the weld pool.
GTAW experiments are conducted to measure the weld pool geometry to verify the calculated results. A specially designed visual sensor is used to capture the weld pool images during the GTAW process [16] . Figure 8 makes a comparison of the predicted weld pool surface geometry with the measured one under different welding process parameters. It can be seen that both match to a reasonable precision. 
Conclusion
A mathematical model has been developed to describe the transient heat and fluid flow fields in GTAW. The dynamic development of the weld pool geometry after the arc ignites is analysed quantitatively. The time for the weld pool shape to reach the quasi-steady state is determined. The diminishing process of the weld pool after the arc extinguishes is simulated, and the time for the whole weld pool to solidify completely is predicted. The measured surface shape of the weld pool, using a visual system, during the GTAW process is in agreement with the calculated values. This work could lay the foundation for the numerical analysis of the relation between the transient characteristics of weld pool behaviour and the occurrence of weld formation defects.
